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ABSTRACT
The coagulation of dust aggregates occurs in various astrophysical environments. Each one is characterized by diﬀerent conditions
that influence the growth, e.g., relative velocities, composition, and size of the smallest constituents (monomers). Here we study the
microphysics of collisions of dust aggregates in a four-dimensional parameter space. The parameters are the collision energy, the initial
compactness of agglomerates, the mass ratio of collision partners, and the impact parameter. For this purpose we employ a state of the
art molecular dynamics type of model that has been extensively and successfully tested against laboratory experiments. It simulates
the motion of individual monomers interacting dynamically via van der Waals surface forces. The structure of aggregates is quantified
by the filling factor that provides information about the internal structure, the packing density of monomers, and the projected surface
area of aggregates. Our results show the importance of the impact parameter that causes formation of elongated particles, due to
tensile forces acting in oﬀset collisions. In head-on impacts, aggregates are compacted at lower energies. A suﬃciently high energy
causes restructuring to reach maximum compaction. If more energy is provided, pancake-like structures are formed. We find that the
outcome of collisions can be represented in a simple way. A highly pronounced large fragment component coexists with a power-law
distribution of small fragments. The structural parameter of these small fragments is described very well by a simple relation, largely
independent of the initial compactness, impact energy or impact parameter. The simulations show that erosion by collisions with high
mass-ratio can be significant. The ejected mass can be several orders of magnitude higher than the impactor mass. This contrasts with
collisions of equal mass aggregates, where the same impact energy can lead to perfect sticking. These findings are summarized in the
form of a simple collision recipe. The recipe specifies the outcome of a collision, averaged over the impact parameter. It is provided
in tabular form for a range of physical parameters such as impact energy and pre-collision filling factor. The dependence on the mass
ratio of impactor and target is taken into account by providing both a local and a global branch of the recipe.
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1. Introduction
Dust plays an important role in many astrophysical environ-
ments, and it is also the building material of planets. Small
grains can stick to each other thanks to van der Waals forces
(Johnson et al. 1971; Derjaguin et al. 1975). Depending on the
growth mechanism, the aggregates can acquire diﬀerent struc-
tures. In low velocity collisions, which are dominant in the
regime where particle velocities are dominated by Brownian mo-
tion, the narrow size distribution primarily leads to collisions
between particles of a similar size, in turn leading to fractal ag-
gregates. (Kempf et al. 1999; Blum et al. 2000; Krause & Blum
2004; Paszun & Dominik 2006). Fractals produced by Brownian
growth have a typical fractal dimension of Df = 1.5 (Krause &
Blum 2004; Paszun & Dominik 2006), and higher gas densities
shorten the mean free path of particles and result in even more
fluﬀy structures. In the limiting case of very high densities, ag-
gregates formed this way may be very elongated with the fractal
dimension approaching unity (Paszun & Dominik 2006).
Velocities induced by turbulent gas motions and by radial
drift in protoplanetary disks can be much higher. Furthermore,
the dependence of velocities on particle size can become re-
versed, with larger particles moving faster than smaller particles.
For a discussion of the relative velocities in protoplanetary disks,
we refer the reader to a review article by Beckwith et al. (2000).
Relative motion that emphasizes collisions between particles of
diﬀerent sizes leads to the production of aggregates with very
diﬀerent structures, because then the particles also grow by col-
lecting smaller projectiles. In this case, the results are porous,
non-fractal aggregates (Ball & Witten 1984; Paszun et al. 2009).
Low-impact velocities generally result in sticking. However,
the growth of dust usually causes an increase in collision ve-
locities when the particle start to decouple from the surround-
ing gas. When the collision energy becomes higher than the en-
ergy needed to roll monomers over each other (later referred
to as rolling energy Eroll), restructuring begins. Very fluﬀy and
fractal aggregates are compacted upon collision (Dominik &
Tielens 1997; Blum & Wurm 2000). A further increase in the
impact velocity leads to compaction. However, eventually the ki-
netic energy is high enough to break contacts between individual
monomers. Erosion then starts to remove parts of colliding ag-
gregates. As the relative velocity increases further, erosion also
becomes stronger, ultimately leading to the destruction of the
aggregates.
Fragmentation of aggregates is a major obstacle in planet for-
mation theory. Dust cannot grow all the way to form planetesi-
mals because it gets destroyed once relative velocities become
violent enough to disrupt aggregates. Similarly, radial drift may
prevent growth by removing particles from the disk once they
grow to a certain size and spiral towards the central star.
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Johansen et al. (2006) show that, in the presence of turbu-
lence, planetesimals might be produced by gravitational collapse
of clumps of meter sized boulders. These clumps are generated
by high-pressure turbulent eddies that trap and concentrate parti-
cles, which then become gravitationally bound. Before this pro-
cess can take place, particles must already have grown by 18 or-
ders of magnitude in mass. The only feasible way to do that is
by collisional sticking. Because collisional fragmentation of ag-
gregates may prevent growth of large, meter sized aggregates, it
is crucial to fully understand mechanisms involved in collisions
of porous aggregates.
Recently, Brauer et al. (2008) have studied the growth of
dust particles in a local density maximum caused by the evap-
oration front at the snow line. This local pressure maximum in
the disk can accumulate dust particles and reduce relative veloci-
ties considerably. In the midplane of the disk, weaker turbulence
(Ciesla 2007) results in lower relative velocities. Brauer et al.
(2008) have shown that for the fragmentation threshold veloc-
ity of at least 5 m/s, the growth can proceed to large boulders
of up to several 100 m in size. However, a more realistic value
of the threshold velocity, for aggregates made of micron-sized
grains, is ∼1 m/s (Blum & Muench 1993; Poppe et al. 2000;
Langkowski et al. 2008).
Blum & Wurm (2000) performed laboratory experiments of
collisions of dust aggregates. They studied impacts at a wide
range of energies, from low energy (perfect sticking), through
restructuring to fragmentation of microscopic aggregates. Their
results with respect to restructuring threshold are in agreement
with theoretical findings of Dominik & Tielens (1997). The frag-
mentation energy, however, diﬀers, which is a consequence of
the discrepancy in sticking velocity. Poppe et al. (2000) mea-
sured the sticking velocity of micron-sized silica grains and
found 1.2 m/s. Chokshi et al. (1993) and Dominik & Tielens
(1997) on the other hand derived theoretically a much lower
velocity, inconsistent with experiments. This problem was ad-
dressed by Paszun & Dominik (2008), who included an addi-
tional energy dissipation channel in order to match the experi-
mental results. For details see Sect. 2.
Blum & Muench (1993) studied collisions of macroscopic,
mm-sized, aggregates at velocities between 1 and a few m/s. In
this case, however, a diﬀerent behavior was observed. Although
particles were very porous (up to 4% filling factor) they did
not observe restructuring. Instead, aggregates were bouncing oﬀ
each other or, for faster impacts, fragmenting.
Very energetic collisions between large mm–sized and cm-
sized aggregates were studied by Wurm et al. (2005). They
showed that the fragmentation observed at high velocity impacts
turns into a net growth of 50% at velocities above 13 m/s. The
distribution of fragments at velocities of about 20 m/s followed
a power-law with a slope of −5.6 ± 0.2 for larger fragments and
was flat for the smallest ejecta.
Fujiwara et al. (1977) experimented with solid basalt rocks.
High velocity impacts of a few km s−1 result in a power-law dis-
tribution of small fragments n(m) ∼ mk. The slope of the distri-
bution was found to be k = −1.83. They distinguished several
collisional outputs, depending on the target size:
1. complete destruction;
2. remaining core;
3. transition from core to cratering;
4. crater formation.
Sirono (2004) has developed a smoothed particles hydrodynam-
ics (SPH) model to simulate meter sized and larger aggregates.
A single particle in this model corresponds to a porous material
described by compressive strength, tensile strength, density, and
sound speed. This method was also used by Schäfer et al. (2007).
Although collisions of dust particles have been studied ex-
perimentally and theoretically, no one has formulated a quan-
titative recipe describing both mass distribution and structural
properties of the collisional output, using a model based on em-
pirical results. Both the distribution of masses and the compact-
ness of fragments is required to fully understand the growth of
dust. Here we present an extensive parameter study of many col-
lisions of small dust aggregates. We provide a recipe for mass
distribution and compactness of fragments.
In Sect. 2 we briefly present the model we adopt to simulate
collisions of dust aggregates, it’s strengths and limitations. In
Sect. 3 we present findings of our study and discuss them quali-
tatively. Section 4 provides quantitative description of our results
in a form of a collision recipe. We end this paper with interesting
conclusions in Sect. 5.
2. The model
The simulations presented in this work are done using the
N-body dynamics code SAND1. Our model treats all monomers
(also referred to as grains or particles) in the agglomerates (also
referred to as aggregates, clusters, or particles) individually.
Since we are currently not interested in long range interactions,
electrostatic, magnetic and gravitational forces are not included
even though the code can handle them (Dominik & Nübold
2002). We calculate motion of individual monomers that inter-
act with each other via attractive van der Waals surface forces
(Johnson et al. 1971).
The presence of the attractive surface on deformable parti-
cles inevitably leads to several energy dissipation mechanisms.
The particles, when in contact, may roll over each other. This
rolling motion is countered by a rolling friction force (Dominik
& Tielens 1995), causing an energy loss. The same happens
in the case of a sliding motion. The contacts may shift which
again is work done against the sliding friction force (Dominik
& Tielens 1996). Beside that, every time a contact between
two monomers is broken, the elastic energy stored in it is par-
tially lost (Johnson et al. 1971; Chokshi et al. 1993; Dominik &
Tielens 1997). Some energy may also be lost due to a twisting
motion of particles in contact (Dominik & Tielens 1997).
We also include an additional energy dissipation channel
in order to fit the experimental results by Poppe et al. (2000).
This process increases the sticking velocity from about 10 cm s−1
(Chokshi et al. 1993; Dominik & Tielens 1997) to about 1 m s−1
(Poppe et al. 2000). Since the measured attractive force agrees
well with the theory provided by Johnson et al. (1971) and
Derjaguin et al. (1975), the diﬀerence in sticking velocity points
to additional energy losses in collisions. While our model does
not specify what this mechanism is, a candidate would be plas-
tic deformation of surface asperities on nm scales. In order to
achieve agreement with the experimental results, a mechanism
dissipating the energy upon the first contact of two particles
was introduced (Paszun & Dominik 2008). For details regarding
the implementation, we refer the reader to Dominik & Nübold
(2002) and Paszun & Dominik (2008).
Although Paszun & Dominik (2008) tested the model ex-
tensively against the laboratory experiments and found a good
agreement, this model has limitations as discussed below.
1 Soft Aggregate Numerical Dynamics.
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2.1. Limitations
Although our model presents a new approach to study collision
dynamics of aggregates, the following limitations apply.
– aggregate size Two monomers in contact oscillate in relative
distance due to the competition between attractive forces that
hold them together, and the elastic force that pushes them
apart. For micron-sized grains (the monomers we consider
here have radii of 0.5 μm) the vibration frequency is on the
order of GHz. A correct simulation of this dynamical sys-
tem requires that we must resolve the shortest timescales.
These very short simulation time steps limit the number of
monomers in the system we can model. The largest aggre-
gates we can simulate are made of 105 grains and take sev-
eral hundreds of hours of a CPU time. In this study we model
aggregates made of up to 1000 monomers.
The collisional outcome depends foremost on the strength
of individual contacts in the impacting aggregates, thus the
properties of monomers (size, composition). The aggregate
size determines the amount of energy that can be dissipated
(Ebr times the number of monomers). Note, however, that
laboratory experiments of much larger aggregates (about 100
micron in size), made of billions of monomers, show phe-
nomena not seen in the smallest aggregates. An example is
bouncing (Langkowski et al. 2008). Although this is an im-
portant eﬀect that significantly aﬀects the growth of dust ag-
gregates, it is still poorly understood;
– irregular grains
Our model assumes spherical monomers, as the simulation
of irregular grains is computationally very expensive and,
therefore, is impractical. Moreover, we can directly compare
our findings to the results of laboratory experiments (Blum
& Wurm 2000). Here we briefly introduce the possible eﬀect
irregular grains may have on the collision outcome.
The strength of an aggregate strongly depends on the size
of the contact between monomers. In the case of randomly
shaped grains, contact is established between surface asper-
ities and is very much limited. This reduces the strength of
an aggregate and leads to disruption at lower impact ener-
gies. Moreover, irregular monomers can form more than one
contact with each other, which means that individual con-
tact points must break before restructuring can occur. In this
way, chains of irregular particles can be more rigid than those
made of spherical particles.
Poppe et al. (2000) performed laboratory experiments on
both spherical and irregular grains. They showed that irregu-
lar particles can stick to a flat surface at much higher veloci-
ties than spherical grains (1.5 to 2.3 m s−1 for spherical silica
grains and 5 to 25 m s−1 for irregular enstatite monomers).
This suggests that additional energy dissipation may occur
during a collision. The mechanism, however, is still unclear.
As the physical processes involved in collisions of irregular
grains are unknown, we leave them for a future investiga-
tion. However, experiments have shown that the overall ef-
fects oﬀ collisions are well reproduced between experiments
with spherical or round monomers (Langkowski et al. 2008).
Therefore, we believe that the general conclusions of our
study here will also hold for less perfect monomers.
2.2. Setup
A few examples of our aggregates, made of 1000 monomers
each, are presented in Fig. 1. These particles consist of equal
size monomers.
These aggregates are constructed using two diﬀerent tech-
niques. The first method, developed by Filippov et al. (2000),
allows to create fractal aggregates of any specified fractal di-
mension Df . This sequential tunable particle-cluster aggrega-
tion method forms agglomerates by successive addition of iden-
tical spherical particles. The fractal aggregates made according
to this algorithm strictly obey the fractal scaling law (Filippov
et al. 2000)
N = kf
⎛⎜⎜⎜⎜⎜⎝Rga
⎞⎟⎟⎟⎟⎟⎠
Df
, (1)
where Rg is the radius of gyration and kf is the fractal pre-factor
that is related to the central packing density. For the aggregates
used in our study, we choose a pre-factor kf = 1.6 and fractal di-
mensions of Df = 1.5, Df = 2.0, and Df = 2.5, respectively. We
measure the filling factor of aggregates by considering a sphere
with radius Rσ, having a cross section πR2σ which is equal to the
projected surface of the aggregate, averaged over all angles (see
Sect. 2.3.4). We then compute the filling factor φσ as the ratio of
the solid volume in the aggregate and the volume of the equiv-
alent sphere. With this definition, aggregates of the mentioned
fractal dimensions, made of 1000 monomers, have filling factors
φσ = 0.07, φσ = 0.09, and φσ = 0.16, respectively.
The second method we use to produce aggregates is particle
cluster aggregation (PCA). We successively add monomers from
random directions. This method produces aggregates that, in the
limit of very large sizes, have a filling factor of φσ = 0.15. An
aggregate made of 1000 monomers has, however, a lower filling
factor of φσ = 0.13. This is an eﬀect of high porosity of the sur-
face layer. In very large aggregates, this region will be negligibly
thin compared to the size of an aggregate (Paszun et al. 2009).
2.3. Parameter space and expected scaling
To provide a qualitative and quantitative description of aggre-
gate collisions, we explore an extensive parameter space. This
provides an insight into the eﬀects of diﬀerent parameters on the
outcome of a collision. As the final purpose is to provide a recipe
for a collision between two aggregates, we limit the range of our
parameters to realistic values.
The relevant parameters influencing the outcome of a
collision are:
– collision energy;
– pre-collision compactness of the aggregate;
– mass ratio of colliding particles;
– impact parameter;
– material properties of monomers.
The values used for the diﬀerent parameters are shown in
Table 1. The columns in the table refer to (1)- relative collision
velocity v; (2)- pre-collision filling factor of an aggregate φσ;
(3)- impact parameter 5 b/bmax, and (4)-mass ratio of colliding
aggregates m1/m2. Although not all combinations are simulated,
each parameter set used it computed for six diﬀerent orientations
in order to obtain a fair average of possible collision outputs.
2.3.1. Collision energy
The basic eﬀect of impact energy is intuitive: The more en-
ergy is provided to the system, the more violent the outcome is.
Dominik & Tielens (1997) and later Wada et al. (2007) provide a
simple recipe of collisional output as a function of energy. Both
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Fig. 1. Sample aggregates used in our parameter study. Each of particles is made of 1000 monomers. Annotations show φσfor each particle. Black
circles define the outer radius Rout, while gray circles indicate the projected surface equivalent radius Rσ (see text).
Table 1. Impact parameters and aggregate properties explored in this
study.
v [m/s] φσ b/bmax m1/m2
(1) (2) (3) (4)
0.01 0.07 0.0 10−3
0.05 0.09 0.25 5 × 10−2
0.1 0.122 0.5 1 × 10−1
0.2 0.13 0.75 2 × 10−1
0.3 0.155 0.875 4 × 10−1
0.5 0.16 0.95 6 × 10−1
0.75 0.189 8 × 10−1
1.0 0.251 1
2.0
4.0
6.0
8.0
10.0
these studies were limited to two dimensional aggregates. Their
recipe predicts energy thresholds for processes such as erosion,
compression, and fragmentation. To understand them, one needs
to define the rolling energy and the breaking energy of a con-
tact. The first one is the energy needed to roll two monomers
over each other by 90 degrees, and it represents energy the re-
lated to restructuring of an aggregate. It is defined as (Dominik
& Tielens 1997)
Eroll = 6π2γRξcrit, (2)
where γ is a surface energy, R is reduced radius of the two
monomers in consideration, and ξcrit is a critical displacement at
which the rolling becomes irreversible and energy is dissipated.
From measurements of the rolling friction between spheres it
was shown that this quantity should be set to about 20 Å in order
to reproduce the measured energy losses (Heim et al. 1999).
The second important quantity is the energy needed to sepa-
rate two connected monomers and is defined as
Ebr = 1.8Fcδc. (3)
Here Fc is the pull-oﬀ force, minimum force needed to discon-
nect two monomers and it is
Fc = 3πγR (4)
where δc is the critical displacement from the equilibrium posi-
tion (Dominik & Tielens 1997). Thus, two monomers in contact,
when pulled apart, will separate at this position. δc is defined as
δc =
1
2
a20
61/3R
, (5)
with the equilibrium contact radius
a0 =
(
9πγR2
E∗
)1/3
· (6)
Putting these equations together we see that the critical energy
is given by
Ebr = A
γ5/3R4/3
E∗2/3
, (7)
with the dimensionless constant A = 43.
The recipe of Dominik & Tielens (1997) is confirmed ex-
perimentally with one important modification (Blum & Wurm
2000). The energy scaling should be applied according to values
determined empirically (i.e. ξcrit ≈ 20 Å and Ebr corresponding
to the experimental results). In order to satisfy this requirement,
we introduce a scaled version of Ebr. In this case the constant
A is higher such that the sticking threshold in our model is in
agreement with experiments (Poppe et al. 2000). This energy is
given by
Ebr = 2.8 × 103 γ
5/3R4/3
E∗2/3
· (8)
The recipe by Dominik & Tielens (1997) is summarized in
Table 2. Low energies are insuﬃcient to cause any visible re-
structuring. Before any restructuring occurs, contacts between
monomers are displaced elastically. Only when the critical dis-
placement is exceeded, an irreversible motion (i.e. rolling or
sliding) follows. When the energy is suﬃcient to roll several
contacts by a significant angle (∼90 degrees), monomers in the
impact region begin to roll and visible restructuring occurs.
The amount of restructuring increases with increasing energy.
Maximum compression is typically reached, when all monomers
have enough energy to roll by 90 degrees.
Monomers begin to be removed of an aggregate when the
energy per contact reaches 3 times the breaking energy. A large
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Table 2. The collision recipe from Dominik & Tielens (1997) for a 2D
case.
Energy Outcome of collision
Eimpact < 5Eroll Sticking without restructuring
Eimpact ≈ 5Eroll Onset of restructuring local
to the impact area
Eimpact ≈ ncEroll Maximum compression
Eimpact ≈ 3ncEbr Onset of erosion (start to
lose monomers)
Eimpact > 10nc Ebr Catastrophic disruption
fraction of the energy is then dissipated by rolling, but the excess
is used to remove a few grains. As the impact energy increases,
the amount of erosion increases and becomes catastrophic when
each contact can access over 10 times the breaking energy.
Although this recipe is reasonable, it may diﬀer when par-
ticles collide at an impact parameter other than b = 0 or when
the mass ratio of the two collision partners is not 1. The latter
case was also considered by Dominik & Tielens (1997). They
provided a recipe for collisions of a small grain with a cluster.
In this study we also explore the energy range from the hit-
and-stick regime up to catastrophic destruction. This range of
energies can be found by looking at a variety of astrophysical
environments. For example, in protoplanetary disks, small par-
ticles are well coupled to the gas and have rather low relative
velocities. In the cores of molecular clouds, however, low gas
densities make it possible for particles to decouple from the gas
even at small sizes. In this case, turbulent gas motions may lead
to collisions velocities beyond the fragmentation limit (Ormel
et al. 2009).
2.3.2. Mass ratio
The mass ratio is sampled within the available range of our
model (10−3 < m1/m2 < 1). As the largest aggregate simulated
in this study is made of 1000 monomers, the lowest mass ratio
we consider is m1/m2 = 10−3 (a collision of a big aggregate with
a monomer). Although we simulate collisions between particles
with diﬀerent mass ratios, we present only two limiting cases to
illustrate the importance of the mass ratio.
This parameter influences the energy distribution during a
collision. In the case of equal-mass impactors, the energy is
spread over most of the monomers, causing a global eﬀect.
However, small projectiles act locally and concentrate the en-
ergy into a small volume close to the impact site. Thus, restruc-
turing will be local and erosion can be expected at relatively low
energies.
2.3.3. Impact parameter
Our sampling of the impact parameter b covers the range from a
central impact up to a grazing collision, where the impact param-
eter b equals 95% of the sum of the outer radii of two colliding
aggregates Rout,1 + Rout,2. We do not consider impact parameters
above 95% as the irregular shape of aggregates generally causes
such “collisions” to miss.
The impact parameter is important as it can significantly
change the outcome of a collision. In the case of a central im-
pact, aggregates are pushed towards each other and are com-
pressed. Collisions with large impact parameters on the other
hand cause aggregates to connect in the outer regions only and
result in stretching of aggregates as they move apart again. In
this way, large impact parameters tend to cause tensile forces
acting on the aggregates, while central impacts are dominated
by compressive stresses.
The importance of the oﬀ-center collisions should not be
underestimated. Due to the geometrical arrangement, impacts
with large impact parameter are considerably more frequent than
head-on collisions. In impact parameter averaging, grazing im-
pacts have a lot of weight.
2.3.4. Compactness parameter
To describe the structural changes of aggregates we define a
compactness parameter φσ as
φσ = N
(
r0
Rσ
)3
, (9)
where N is the number of monomers in the aggregate, r0 is a
monomer radius, and Rσ is the projected surface equivalent ra-
dius (cf. Fig. 1), defined as
Rσ =
√
σ
π
, (10)
with σ being the projected surface averaged over many orienta-
tions. The inverse of this filling factor was introduced earlier by
Ormel et al. (2007) as the enlargement factor ψ. Note that this
parameter alone is insuﬃcient to fully describe the structure of
an aggregate. An additional quantity is required to avoid ambi-
guity, e.g. the fractal dimension. However, for small aggregates
such as the ones in this study, the possibilities to distribute mass
within the particle are limited.
We sample the compactness parameter well within the appli-
cable range. Random close packing (RCP) of spheres produces
aggregates with the filling factor of about2 φσ ≈ 0.635 (Onoda &
Liniger 1990) that is the densest form one can expect, given the
assumption of spherical monomers. However, Blum et al. (2006)
and later Paszun & Dominik (2008) have shown that aggregates
being compressed can reach a maximum filling factor of about
φσ = 0.33. Higher compaction cannot be achieved in a static ex-
periment of uni-axial compression. As upper limit for the filling
factor we use a slightly lower value of φσ = 0.25. As lower limit,
on the other hand, we use aggregates formed in the Brownian
growth phase, where in the presence of rotation aggregates with
the fractal dimension of about Df = 1.5 are formed (Krause &
Blum 2004; Paszun & Dominik 2006). Our largest aggregate of
fractal dimension 1.5 has a filling factor φσ = 0.07.
It is important to note the discrepancy between the radii used
in the definition of the impact parameter space and the filling
factor φσ. The impact parameter is defined in terms of the outer
radius Rout, that is the radius of a sphere enclosing an entire ag-
gregate and centered in its center of mass. The filling factor,
however, uses the projected surface-equivalent radius Rσ. For
compact aggregates, these two radii are very similar, while the
outer radius Rout becomes higher as the filling factor of an ag-
gregate decreases. For completeness, we empirically determine
the relation between the two radii. Figure 2 shows how the ra-
tio Rout/Rσ influences the filling factor φσ. To obtain this re-
lation we constructed (using Eq. (1)) many aggregates of dif-
ferent structures (Df , kf ) and masses (N). Interestingly all data
2 Although the value of 0.635 correspond to filling factor defined in
respect to the outer radius Rout and not Rσ, both radii are equal for these
compact aggregates.
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Fig. 2. he filling factor as a function of the ratio Rout/Rσ of the outer
radius of an aggregate over its projected surface equivalent radius. Each
point corresponds to an aggregate (see text) of diﬀerent structure and
mass and thus diﬀerent ratio of the two radii. The dashed-dotted line
shows the least square fit of the power-law to this data. A sharp transi-
tion between compact and fluﬀy particles occurs at about Rout/Rσ = 1.2
(dashed line). Compact aggregates have a smaller ratio of the two radii.
Their filling factor is approximated by a separate power-law (dotted
line).
Table 3. Properties of monomers used in this study.
γ [erg/cm2] E∗ [dyn/cm2] ξcrit [cm] ρ [g/cm3]
25 2.78 × 1011 2 × 10−7 2.65
Material properties correspond to Quartz monomers or radius r0 = 6 ×
10−5 cm.
is very well confined along a simple curve. As the filling fac-
tor seems to depend on the mass of aggregate as φσ ∝ N−0.33,
we plot φσN0.33 in Fig. 2 to collapse all data on a single curve.
This mass dependence is further discussed in Sect. 3.2. Compact
particles in Fig. 2 (Rout/Rσ < 1.2) have a similar outer radii
Rout and projected surface equivalent radii Rσ. They show little
dependence of the Rout/Rσ ratio on the filling factor. Fluﬀy ag-
gregates (Rout/Rσ > 1.2) on the other hand show a power-law
relation of the filling factor on the ratio of the two radii with
a slope of −0.3. The fitted power-law is presented in Fig. 2 as
dashed-dotted line. The complete relation that holds for ratio
Rout/Rσ > 1.2 is given as
φσ = 1.21
(
Rout
Rσ
)−0.3
N−0.33. (11)
2.3.5. Properties of monomers
The composition of monomers and their size strongly aﬀect the
strength of an aggregate. Both these parameters determine the
breaking energy of two grains in contact and thus regulate the
energy dissipation during a collision. Since normalization of the
impact energy by the breaking energy puts monomer properties
out of the equation, we study here only one monomer size and
material. The physical parameters of Quartz used in our model
are presented in Table 3. Other materials will be the subject of
a future study. Our monomers are silica spheres with a diameter
of 1.2 μm. The elasticity modulus E∗ is defined as
E∗ =
(1 − ν21
E1
+
1 − ν22
E2
)−1
, (12)
where Ei and νi are the Young’s modulus and the Poisson ratio
of ith monomer, respectively.
3. Results and discussion
In this section we present results of our parameter study. We
describe the collisional outcome in terms of the fragment mass
distribution – growth versus fragmentation. Moreover, we keep
track of the structure of the fragments formed in such a colli-
sion and present the collisional evolution of the structure of dust
aggregates.
Our study spans a wide range of parameters. Here we select
two specific cases for a detailed discussion of the eﬀects seen
in our study3. Collisions of compact aggregates (filling factor of
φσ = 0.251 for smaller aggregates and φσ = 0.16 for larger par-
ticles) are presented and compared with fluﬀy, fractal aggregates
(filling factor of φσ = 0.155 for small aggregates and φσ = 0.09
for bigger ones). We use these two cases to illustrate the influ-
ence of compactness on the collisional outcome.
3.1. Fragment distribution
The products of a collision are generally quantified in terms of
the fragment mass distribution. In the case of sticking, the result-
ing mass distribution contains one single element, with the mass
given by the sum of impactor and projectile. With the onset of
erosion, a second component appears – the distribution of small
fragments, usually represented as a power-law of particle mass.
While these are initially two clearly separated components, they
can connect in increasingly destructive collisions.
3.1.1. The effect of impact energy
Basic mass distribution components Although the impact en-
ergy seems to be the main quantity setting the mass spectrum af-
ter the collision, the collisional outcome depends very much on
all parameters presented in Sect. 2.3. The largest collisional rem-
nant is presented as a function of the impact energy in Fig. 3. At
low collision energies, aggregates stick perfectly and the largest
fragment contains the mass of both colliding particles. An in-
creasing impact energy causes onset of erosion at the energy of
about E = 0.1NEbr. The fragmentation occurs at the energy of
about E ∼ NEbr, and depends also on the internal structure of
the colliding aggregates and the impact parameter.
Compact aggregates with densely packed monomers (φσ =
0.251) can sustain higher energies regardless of the impact pa-
rameter. Grains packed close to each other undergo more interac-
tion, resulting in internal energy dissipation that is more eﬃcient
than in the case of loosely packed monomers (φσ = 0.155).
Interestingly, erosion occurs in oﬀ-center collisions already
much earlier than in central collisions, while shattering has the
opposite behavior: It occurs more readily in central collisions.
Central impacts can cause catastrophic destruction at energies
above E = 10NEbr, while oﬀ-center collisions at this same en-
ergy usually cause two large fragments to remain and therefore
must be classified as be classified as erosion. Both eﬀects are
caused by the distribution of the available impact energy within
the colliding aggregates. In oﬀ-center collisions, the energy is
concentrated into a small region of the aggregates and does break
grain-grain connections locally near the point of impact. The
remaining kinetic energy is then carried away by two massive
3 The quantitative recipe presented in Sect. 4 does of course make use
of the entire parameter study.
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Fig. 3. The mass of the largest collision remnant for central and oﬀset
collisions as a function of the impact energy. Diamonds correspond to
compact aggregates, while triangles correspond to fluﬀy particles. Error
bars indicate standard deviation and each point represents a mean value
from 6 individual simulations (see Sect. 2.2).
Fig. 4. Mass distribution resulting from head-on collisions of A&C –
fluﬀy (φσ = 0.155) and B&D – compact (φσ = 0.251) aggregates at
four diﬀerent impact energies.
fragments. In the limiting case of (b = bmax) the interaction of
the two aggregates occurs between only two monomers, if at all.
The degree of fragmentation during oﬀ-center impacts de-
pends then on the packing density of grains in the two aggre-
gates. Porous aggregates (φσ = 0.155) show that even at very
high energies, the energy is not eﬃciently absorbed by the ag-
gregates, saving them from being shattered. However, in the case
of compact aggregates, the mass of the largest collision remnant
is significantly higher than in the case of central impact, but it
decreases with an increasing impact energy.
The full mass distribution A more complete picture is pre-
sented by studying the full distribution of fragment masses.
This is illustrated for central impacts in Fig. 4. Collisions at
intermediate speeds (top panels) erode aggregates and produce a
number of small fragments. Both the power-law and the largest
fragment components are present. Depending on the degree of
erosion they can be separated or connected. However, the slope
of the power-law remains more or less unchanged.
The distribution of small particles is defined as
f (m/m0)(m/m0)2 ∝ (m/m0)q, (13)
with the slope q depending on several parameters, including the
internal structure of aggregates and the impact energy. Initially,
too few small particles are produced and the power-law cannot
be determined (e.g., for oﬀ-set impacts see Fig. 7a,b). In such a
case we assume that the distribution is flat with the slope q = 0,
meaning equal mass per logarithmic mass interval. As the ero-
sion progresses with increasing impact energy, the fitted slope
remains at an approximately constant low value. Small particles
slightly dominate the mass within this power-law distribution,
since the slope is about q ≈ −0.3 in the case of fluﬀy aggregates
(Fig. 4a), and about q ≈ −1.2 for compact aggregates (Fig. 4b).
These slopes remain constant up to energies of about E = NEbr.
Faster impacts provide suﬃcient energy to break all contacts in
an aggregate. Therefore, full fragmentation sets in, which can
significantly alter the fragment distribution. The head-on colli-
sion at energy of E = 3.66NEbr completely shatters fluﬀy ag-
gregates with the largest fragment having only about 15% of the
total mass. The large fragment component disappears altogether,
shifting the entire mass into the power-law component with the
now steeper slope q ≈ −1. Further increase in the energy re-
sults in heavier damage and a still steeper slope. At the energy
of E = 14.6NEbr the slope reaches q ≈ −2.5 (see Fig. 4c). The
steepening slope can be interpreted as monomers and very small
fragments in the fragment distribution becoming dominant.
Although a similar trend is observed for compact particles
(φσ = 0.251), the fragmentation is not as eﬀective as in the case
of aggregates with φσ = 0.155 (see Fig. 4d). A head-on impact
of compact particles at the energy of E = 3.66NEbr can still
be classified as erosion. The large fragment component is still
present and contains a significant fraction of the mass. This com-
ponent is broader and is connected with the power-law distribu-
tion of small fragments, an eﬀect which aﬀects the determination
of the slope. The slope appears to decrease to about q ≈ −0.3.
However, an increase in the collision energy to E = 14.6NEbr
shatters the aggregates, leaving only the power-law component
with a steeper slope of about q ≈ −1.7 (see Fig. 4d).
The relation of the energy and the slope of the power-law dis-
tribution in central collisions is presented in Fig. 5. The left panel
(a) shows the results for aggregates with compactness parame-
ter φσ = 0.155. The initially shallow and constant slope begins
to steepen once the impact energy increases above E = NEbr.
This behavior is similar for aggregates of diﬀerent masses or for
diﬀerent mass ratio impacts. Note that for very weak erosion,
the slope of the power-law cannot be determined and a value
of q = 0 is assumed. Shattering becomes catastrophic when the
impact energy is increased by an order of magnitude. The slope
steepens beyond q = −1, meaning that small particles dominate
the mass spectrum. For small aggregates the distribution may be
as steep as q = −2.5.
Compact particles behave in a similar manner (see Fig. 5b).
In this case, however, the steepening occurs at slightly higher en-
ergies of about E = 5NEbr. Moreover, the steepening is limited
in the explored energy range, and reaches values of q = −1.7. In
this case, low energies also result in shallow slopes of the distri-
bution and are again assumed to be q = 0 when the data was too
scarce to make a fit.
3.1.2. The effect of impactor-to-target mass ratio
Below we discuss the eﬀect of the mass ratio on the collision
outcome. Although intermediate energies are required to erode
particles in collisions of equal mass aggregates, this is not the
case for impacts with high mass ratios, where the impact energy
is localized to a small region, leading to erosion even in slow
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Fig. 5. Slopes of the power-law size distribution of small fragments
as a function of impact energy. Diﬀerent symbols correspond to dif-
ferent masses of the colliding aggregates. The left panel (A) corre-
sponds to fluﬀy aggregates (φσ = 0.09 . . . 0.155), while the right
panel (B) shows the result of collisions between compact aggregates
(φσ = 0.16 . . . 0.251).
Fig. 6. Mass distribution resulting from central collisions between a
monomer and an aggregate made of 1000 grains. The presented dis-
tributions result from collisions with compact aggregate with the filling
factor of φσ = 0.16. Note that the energy is normalized to the reduced
number of monomers Nμ = N1N2/(N1 + N2).
collisions. Figure 6 shows the fragment distribution produced in
collision of a monomer with an aggregate made of 103 grains. In
these cases, the energy is suﬃcient to break only a low number
of contacts4 and results in erosion. That same energy applied in
a collision of equal mass aggregates results in a perfect sticking
without any mass loss (cf. Fig. 3). This diﬀerence is a conse-
quence of very localized energy input. The small particle (in this
case a monomer) carries suﬃcient energy to break a number of
contacts. This energy is transmitted locally to a limited number
of grains rather than distributed over the entire target aggregate.
The resulting ejecta can, due to the small physical size of the
projectile, easily escape.
Similarly, oﬀ-center collisions (see Fig. 7) are characterized
by distributions that resemble the erosion case. A highly pro-
nounced large fragment component coexists with a power-law
distribution of small fragments. The slope of the power-law is
independent of the impact energy. It remains at about q ≈ −1
for fluﬀy aggregates and q ≈ −0.6 for compact particles even at
4 Note that in Fig. 6 the energy is normalized to the reduced number
of monomers Nμ = N1N2N1+N2 . Therefore, the energy per contact is a factor
of 103 lower than in the case of a collision of particles of equal mass.
Fig. 7. Mass distribution as resulted from oﬀ-center (b = 0.75 bmax)
collisions of A&C – fluﬀy (φσ = 0.155) and B&D – compact (φσ =
0.251) aggregates at four diﬀerent impact energies.
very high energies above E = 10NEbr. At low impact energies,
the resulting distribution are dominated by the largest fragment
component and the slope of the power-law component is unde-
termined due to the low number of fragments.
Fluﬀy aggregates, when colliding at an energy of E =
0.23NEbr and above, produce two large fragments that con-
tribute to the big particles component and a few small parti-
cles. Compact aggregates can still grow at an energy of E =
0.23NEbr, producing one large fragment containing most of the
mass. At energies of about E ≈ NEbr the erosion increases
and the growth is stopped. The large fragment component con-
tains now two large remnants of the initial aggregates. An in-
crease of the collision energy causes mainly an increase in the
mass in the power-law component, while the largest fragment
remains weakly aﬀected. In the case of compact aggregates
(φσ = 0.251), only very high energy impacts can significantly
reduce the mass of the largest fragments (see Figs. 3 and 7d).
For aggregates with lower packing density (φσ = 0.155), the
mass of the largest collision remnant seems to stabilize at a value
of about mmax ≈ 0.5(m1 + m2) once the impact energy exceeds
E = NEbr. Very high energies influence the fragment distribu-
tion very weakly (see Figs. 3 and 7c).
The main eﬀect of the impact parameter is that the energy
is not transported very eﬃciently into aggregates. In the case
of a central collision the kinetic energy is naturally transported
eﬃciently into both aggregates, as the interaction spreads from
the center (i.e., region right in between the aggregates) outwards.
The monomers are pushed closer together, actively taking part
in the energy dissipation. An increase in the impact parameter
results in a decrease in the number of actively interacting grains.
This means that fewer grains actually collide resulting in less
fragmentation.
Our results show that the main factor determining the colli-
sional outcome is the impact energy E. Other parameters influ-
ence the way this energy is transported to and distributed over
the available monomers. Figure 8 shows a schematic picture of
how the fragment distribution changes with variation of impact
energy E, compactness parameter φσ, impact parameter b, and
the mass ratio m1/m2. The arrows indicate schematically how the
position and scaling of the diﬀerent components of the fragment
mass distributions shift as parameters vary.
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Fig. 8. Schematic plot of the evolution of the fragment distribution as a
function of diﬀerent parameters.
3.2. Aggregate structure
3.2.1. Central collisions
The outcome of a collision can also be quantified in terms of
the internal structure of the resulting aggregates. This quantity
is very important as it determines the aerodynamic properties
of aggregates and thus their relative velocities. Figure 9 shows
examples of the eﬀect of collisions involving aggregates with
φσ = 0.155. Central collisions evolve from the hit and stick
regime through compaction and flattening to fragmentation. As
the impact parameter increases, this path changes. Then the hit
and stick regime is followed by the stretching regime, where ag-
gregates are pulled into an elongated shape, exposing more sur-
face in the process. Eventually, suﬃcient energy is reached to
break fragile connection between the colliding aggregates, at the
location of the highest stress. At this moment, two aggregates
of similar mass are created. Depending on the impact parameter
and energy, erosion may also occur in the vicinity of the interac-
tion area.
This picture depends also on the initial compactness of the
colliding aggregates. Particles with open structures (Fig. 9) are
subject to drastic restructuring, while more compact ones are
characterized by higher strength against compacting and tensile
forces. For comparison we present the results for aggregates with
geometrical filling factor of φσ = 0.251 in Fig. 10. In this case
the produced aggregate is not stretched as much as in the case of
more fluﬀy aggregate. Additionally, the erosion is much stronger
at higher impact parameters. This is caused by the closer pack-
ing of monomers that enables more eﬃcient energy transfer into
the aggregates.
The quantitative picture is presented in Fig. 11. The geomet-
rical filling factor is plotted as a function of the impact energy for
central and oﬀ-center collisions. All post-impact aggregates are
in the hit and stick energy regime, below a few times the rolling
energy Eroll. This is consistent with the description provided by
Dominik & Tielens (1997), where the visible restructuring oc-
curs at impact energies above 5 Eroll. However, the structure of
the produced aggregate is diﬀerent than that of the initial parti-
cles. Aggregates stick, forming dimer-like structure. Thus, they
expose more surface area resulting in a decrease in the geometri-
cal filling factor. This decrease depends on the initial structure of
aggregates and appears to be more severe for compacter aggre-
gates. In this case, particles cannot penetrate each other contrary
to more open structure aggregates, where partial overlap hides
some surface area. In fact, the diﬀerence is rather small, on the
order of 20%, for both filling factors presented in Fig. 11.
Further increase in the impact energy, beyond 5 Eroll, results
in an increase of the filling factor. In the case of central col-
lision aggregates undergo compression up to energy of about
0.5 N Eroll. At this energy, the maximum compaction is reached
and this energy is close to threshold predicted by Dominik &
Tielens (1997) and confirmed experimentally by Blum & Wurm
(2000). The degree of compression depends on the initial com-
pactness, as compact aggregates are more diﬃcult to compress
further. An aggregate with φσ = 0.155 reaches its maximum
compression of about φσ = 0.18 ± 0.02, more compact than the
pre-impact particles. A more compact aggregate with pre-impact
filling factor φσ = 0.251 does not exceed it’s initial compactness
after impact. The maximum compression obtained in our study
is somewhat lower than obtained in a quasi-static compression
(Blum et al. 2006; Paszun & Dominik 2008). This, however, can
be an eﬀect of small aggregate sizes, where the filling factor is
strongly aﬀected by the porous outer layers (Paszun et al. 2009).
A further increase in the collision energy causes flattening
and, formally, a decompaction of aggregates. Even thought the
filled regions of the aggregates continue to show low poros-
ity, the non-spherical global shape exposes more surface than a
spherical structure would, leading to a decrease in the geometri-
cal filling factor. In the case of fluﬀy aggregates with φσ = 0.155,
the flattening results in a small decrease in the compactness. At
a collision energy of about N Eroll the maximum decompaction
is reached and any further increase in the impact energy would
lead to fragmentation. For more compact aggregates with initial
φσ = 0.251, however, the flattening is stronger, as the filling fac-
tor drops to about φσ ≈ 0.18. This filling factor can is similar to
what we have seen earlier in fluﬀy aggregates. Fragmentation is
now only be reached at about 3 N Eroll.
3.2.2. The influence of the impact parameter
Oﬀ-center collisions, on the other hand, show diﬀerent results.
Energies that lead to compaction in central impacts also cause
restructuring at large impact parameters. In this case, however,
particles are pulled apart and stretched. Thus, more surface area
is exposed resulting in a strong decrease in the geometrical fill-
ing factor φσ. The stretching energy regime extends, however, to
lower energies than the compression regime. Aggregates connect
with a lower number of contacts that are pulled oﬀ. Therefore,
lower energy is suﬃcient to disconnect the two colliding aggre-
gates. The critical energy is about 0.25 Eroll, and may be slightly
higher for compact aggregates. Above that energy, two parti-
cles of similar mass are produced, accompanied by erosion. All
small fragments produced both in central and oﬀ-center colli-
sions closely follow a single power-law relation of
φσ = (m/m0)1/3. (14)
The reason for this consistent behavior lies in the fact that the
fragments are produced in highly dynamical events with energies
close to breakup energies, allowing internal restructuring to lead
to a scale-free structure.
3.2.3. Schematic representation
Figure 12 sketches a general picture of the structural evolution
of aggregates. On the two axes, in arbitrary units, it shows filling
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Fig. 9. Images of aggregates formed in collisions at diﬀerent impact energies E and at diﬀerent impact parameters b. The aggregates have an initial
filling factor of φσ = 0.155. Top panels show the initial setup. Lower panels present result of a collision. Images are in diﬀerent scales to show
diﬀerent processes, i.e. compaction or fragmentation.
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Fig. 10. Images of aggregates formed in collisions at diﬀerent impact energies E and at diﬀerent impact parameters b. Aggregates have the filling
factor of φσ = 0.251. Top panels show the initial setup. Lower panels present result of a collision. Images are in diﬀerent scales to show diﬀerent
processes, i.e. compaction or fragmentation.
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Fig. 11. The geometrical filling factor φσ as a function of impact energy
for head-on (solid lines) and oﬀ-center (dashed lines) collisions. Black
lines correspond to aggregates with lower initial filling factor of φσ =
0.155, while gray lines correspond to higher filling factor of φσ = 0.251.
factor and mass. We assume that initially, both impactor and tar-
get have equal properties, located at the center of the plot where
the solid black curve starts. Along that curve, the impact energy
increases in steps, and the position of points on that curve shows
possible structures of the largest post-impact aggregate. The first
segment shows the eﬀect of a hit-and-stick collision, to double
mass and lower filling factor, independently of impact param-
eter. At that point, the curve splits into two, for central (solid
black) and grazing (gray) collisions. Higher impact energies can
then, with equal mass, either increase or decrease the filling
factor. Even higher energies move to the third point on each
path. Grazing collisions return to the initial pre-impact proper-
ties, while central collisions go through a maximum compres-
sion point onto the fragmentation powerlaw φσ = (m/m0)0.33.
Small arrows in the sketch indicate how the diﬀerent points
shift around as model parameters are modified.
4. The recipe
In this section we put together the information regarding the col-
lisional output in a form of a quantitative recipe. We provide
the recipe in a form of tables that contain parameters needed
to reconstruct appropriate distributions. Since the recipe is pro-
vided as discrete parameters, the intermediate cases should be
interpolated. Our recipe describes two limiting cases separately.
Equal mass collisions aﬀect aggregates globally. Therefore we
refer to this sub-recipe as the global recipe. On the other hand
we have high mass ratio impacts that result in localized changes.
This sub-recipe is referred to as the local recipe. In the case of
large mass ratio collisions, we used impacts of monomers onto
aggregates composed of 1000 grains. In this case, only central
collisions were used to predict also the outcome of oﬀset im-
pacts, because the eﬀects are extremely similar. This assumes
that the geometry of the impact of small projectile onto a larger
target depends on a local surface. Thus central and oﬀset colli-
sions should be indistinguishable. The only necessary correction
is to exclude missed collisions that are more likely at larger im-
pact parameters. The distinction between the two sub-recipes is
described later in Sect. 4.5.
Fig. 12. Sketch of the compactness evolution dependence on diﬀerent
parameters. See text.
4.1. Average over the impact parameter
We present our recipe for aggregate collisions in an impact-
parameter-averaged way. In this way, the recipe can be easily
used in models that deal with size and structure distributions
rather than individual particles. It is also possible to rewrite the
recipe, keeping the impact parameter as one of the collisional pa-
rameters. This can be useful in a Monte-Carlo approach (Ormel
et al. 2009) where individual collisions are treated.
Since we know the products of collisions at diﬀerent oﬀsets,
we apply proper weights to the results. The weight for each im-
pact parameter b is related to the fractional surface area of the
ring with the radius b and width Δb. Thus, grazing collisions
get the highest weight, while the central impact has the lowest
weight. The quantity Q averaged over the impact parameter is
then given as
〈Q〉b =
∫ bmax
0 Q(b)2πb db
πb2max
· (15)
4.2. Hit and stick recipe
Although our simulations include the hit-and-stick energy
regime, this growth mechanism strongly depends on the mass ra-
tio and should be treated separately. The hit-and-stick growth is
of little importance when only an insignificant mass is added be-
fore any restructuring occurs. Otherwise, an analytical prescrip-
tion may be applied as in Ossenkopf (1993); Ormel et al. (2007,
2009); Paszun et al. (2009).
4.3. Distribution of fragment masses
The simulation results have shown that collisions produce two
components. The first component – the power-law of small frag-
ments – is produced in high energy, head-on impacts resulting
in erosion and fragmentation. The second component – the dis-
tribution of the largest fragments – is formed during low en-
ergy impacts, and also by grazing collisions at all energies. We
model this component using (somewhat arbitrarily) a Gaussian
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Fig. 13. Distributions averaged over the impact parameter. Results for fluﬀy and compact aggregates at energies A: E = 5.7 × 10−4NEbr, B:
E = 5.7 × 10−2NEbr, C: E = 0.13NEbr , D: E = 0.92NEbr , E: E = 8.2NEbr , and F: E = 14.6NEbr .
Table 4. Quantities provided by the recipe to reproduce the mass
distribution.
Symbol Description
q The slope of the power-law component
Mr ratio of the mass in the power-law component
to the mass in the Gaussian component
σG Width of the Gaussian component
MG Mean mass of the Gaussian component
distribution of particle masses. The overall eﬀects seen in the
previous chapter indicate that, as the energy increases, the
Gaussian component will move its peak position to smaller
masses, the powerlaw component will gain relative importance
and will eventually steepen.
The total set of parameters needed to reproduce such a dis-
tribution is presented in Table 4. The power-law component is
determined by fitting a power-law to the first part of the distri-
bution, which contains small fragments. That power-law is then
subtracted from the distribution. The power-law slope and mass
ratio of the two components is known at this point. The remain-
ing part of the distribution is then used to determine the last two
quantities, namely the mean and the width of the Gaussian com-
ponent. The mean mass MG is simply the mass-weighted mean
mass of fragments in the Gaussian component
MG =
∫ log(m1+m2)
log m0
m f (m/m0)(m/m0)2d log m∫ log(m1+m2)
log m0
f (m/m0)(m/m0)2d log m
· (16)
The width of the Gaussian is chosen to obey two constraints:
1. the Gaussian should have a sharp cut-oﬀ at masses larger
than the total mass of colliding aggregates;
2. the power-law component must dominate the low mass part
of the distribution.
To obtain a representative fragment distribution, we average the
mass spectrum over the impact parameters (see Sect. 4.1). Some
impact-parameter-averaged distributions are shown in Fig. 13.
The panels show the evolution of mass spectrum for both com-
pact and fluﬀy aggregates. The eﬀect of impact averaging is
immediately visible through the presence of the large frag-
ment component at all energies. At low energies, growth domi-
nates, and from central collisions one would expect to only see
the large mass component at the total mass. However, grazing
collisions contribute in the original, pre-impact mass bin, and
reduce the average mass of the large fragment component. An
increase in the energy leads to the onset of erosion. Small frag-
ments appear with a very flat slope of the power-law distribu-
tion. Further increase in the energy enhances the erosion. The
component of small fragments grows and begins to steepen the
powerlaw slope slightly. Eventually, growth changes into frag-
mentation. The large fragment component, however, remains in
the distribution. Using impact-parameter-averages reduces both
the eﬀect of fragmentation and diﬀerences between fluﬀy and
compact particles over what would be expected from head-on
collisions.
4.4. Compactness evolution
The filling factor φσ, similarly to mass spectrum, shows a diﬀer-
ent behavior in central and oﬀset collisions, respectively. The
eﬀect of impact parameter averaging is presented in Fig. 14.
Compact aggregates are decompressed. At higher energies of
about E = NEroll, aggregates undergo compression that mostly
compensates the oﬀset collisions and the dimer-like structure
discussed in Sect. 3.2.
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Fig. 14. The filling factor φσ averaged over the impact parameter vs. the
collision energy scaled with the number of monomers N and in units
of the rolling energy Eroll. The dashed areas correspond to the spread
around the mean. The dotted lines indicate the initial value of the filling
factor for the colliding particles.
Fluﬀy aggregates also increase porosity in low energy colli-
sions. The increasing energy, however, causes both a decrease in
the mass of the largest fragment and compaction of the aggre-
gates. Grazing collisions at a high energy produce aggregates
with only weakly changed structure. Therefore, the structural
change is dominated by compressing head-on impacts. A further
increase in the collision energy results in stronger compression.
The maximum filling factor of about φσ ≈ 0.19 is reached at
E = NEroll. Any further increase in the energy does not aﬀect
the porosity. Particles are completely disrupted and the filling
factor is dominated by small, fluﬀy fragments.
Small fragments produced by erosion or fragmentation are
easily described by a single power-law. Regardless of initial
porosity of the impact energy, small particles have the filling fac-
tor given by Eq. (14).
4.5. Format
Our recipe provides parameters required to reconstruct mass dis-
tributions averaged over impact parameter. The distribution of
fragment masses is given by F(m) dlog m = f (m) m2 dlog m,
where f (m) dm provides the number of particles of mass m in
mass interval between m and m + dm. Thus, the functional form
of our recipe consists of the two components and is given by
F(m) = ξ1mq + ξ2√
2πσG
exp −(m − MG)
2
2σ2G
, (17)
where ξ1 and ξ2 are the normalization constants of the power-
law component and the Gaussian, respectively. These constants
are not provided since the distribution should be re-normalized
in order to conserve the mass. Instead we give the mass ratio
of the power-law and Gaussian components, which should be
used to determine the mass and normalization constant in each
component. The power-law component extends from a monomer
mass to a quarter of the total mass.
Our recipe is provided in tabulated form. The parameters
required to reproduce the collisional outcome may be interpo-
lated linearly. Our parameter space is covered very well and
spans from very fluﬀy aggregates of fractal dimension Df = 1.5
through fluﬀy fractal (Df = 2.0) and non fractal PCA aggregates
to very compact particles of φσ = 0.251. The energy space is
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rollcollE    > 5E
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Fig. 15. Algorithm to choose between local and global recipes.
also well sampled. Our recipe is based on simulations from hit-
and-stick regime up to a catastrophic destruction.
The main diﬀerence between the local and the global sub-
recipes stems from the mass ratio between impactor and target.
However, small projectiles, when carrying suﬃcient energy (i.e.,
impacting with very high speeds), may also shatter an entire
large target aggregate, i.e. causing a global eﬀect. Therefore, the
global recipe must be used not only at mass ratio close to unity,
but also at impact energies suﬃcient to globally aﬀect the entire
aggregate. Figure 15 presents an algorithm used to distinguish
between the local and the global recipes. When a collision of ag-
gregates characterized by their masses mi, filling factors φi, and
some material properties, occurs at a given impact energy, one
must check whether the collision is in the recipe domain (re-
structuring or fragmentation) or in the hit-and-stick regime. The
test checks whether the energy is suﬃcient to cause any restruc-
turing. If the condition Ecoll < 5Eroll is satisfied, the hit-and-stick
mechanism is applied (for details see Ormel et al. 2007; Ormel
et al. 2009). Otherwise, a second check is performed. The global
recipe is applied if any of the two following conditions is true:
m1
m2
> 0.1, (18)
or
E > 5NEbr. (19)
If none of the above is true, the local recipe must be used.
The recipe provides a description of the outcome of a colli-
sion between aggregates of the same filling factor. To describe
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Fig. 16. Parameters as a function of the filling factor and impact energy. Clockwise: mean mass of the Gaussian component, width of the Gaussian
component, mass ratio of the power-law to Gaussian component, slope of the power-law.
collision of aggregates with diﬀerent compactness, a mass
weighted average filling factor must be determined
〈φσ〉m =
∑
i φσ,imi∑
i mi
· (20)
Therefore, the filling factor that should be used is dominated by
that of the more massive aggregate. In particular, the outcome
of a collision between particles of diﬀerent masses depends very
much on the porosity of the target aggregates and how deep it can
be penetrated. Collisions of equal mass particles, on the other
hand, are not dominated by one species. Therefore, the contribu-
tion from both aggregates should be about equal. The compres-
sion or decompression is expected to be weaker than for fluﬀy
particles, as compact aggregates are more resistant to restructur-
ing (see Sect. 3).
4.6. A complete quantitative description
The mass distribution of the collisional outcome for equal mass
colliding projectiles can be constructed using parameters read
from Tables 6, 7. Figure 16 shows contour plots of the required
4 parameters. Intuitively, the mean mass of the large component
(upper left panel) decreases with increasing energy. Similarly,
the width of this component (upper right panel) decreases with
increasing energy as a result of fragmentation and grazing colli-
sions. Therefore, faster impacts cause formation of the largest
fragments with the lower mass, and the tail of the Gaussian
component decreases. This shattered mass shifts then to the
small fragments power-law component. The power-law compo-
nent does not exist at low energies and only large aggregates
are produced in this stage due to growth and grazing collisions.
Thus, the slope of this component (lower left panel) starts to
decrease only at larger energies. Note that for a weak erosion,
Fig. 17. The change in the filling factor relative to the initial filling fac-
tor φiniσ . φσ/φ
ini
σ < 1 indicates decompaction and φσ/φiniσ > 1 means
compaction.
where the slope of the power-law cannot be determined we as-
sume without loss of generality q = 0.
Figure 17 shows compression of aggregates in the global
recipe. This contour plot illustrates Table 9. The low-energy col-
lisions cause a decrease in the filling factor φσ for all aggregates.
The eﬀect of decompaction is similar for all particles, although
the strongest decrease in φσ is observed for the most compact
aggregates. Faster impacts result in compression and an increase
in the filling factor. Aggregates with the lowest filling factor φσ
show the lowest structural change. The density increases only by
a factor of about φσ/φiniσ = 1.11 at the highest energies. For very
compact aggregates, at the same energy, this change is some-
what higher (φσ/φiniσ = 1.22). This value is strongly aﬀected
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Table 5. The slope of the power-law component.
E/(NEbr) φiniσ
0.122 0.155 0.189 0.251
5.72 × 10−4 0.00 0.00 0.00 0.00
2.06 × 10−2 0.00 0.00 0.00 0.00
5.72 × 10−2 0.00 0.00 0.00 0.00
1.29 × 10−1 0.00 0.11 0.00 0.00
2.29 × 10−1 0.10 0.12 0.00 0.00
9.15 × 10−1 −0.20 −0.28 −0.31 −0.52
3.66 × 100 −0.69 −0.49 −0.42 −0.53
8.24 × 100 −0.73 −0.81 −0.77 −0.65
1.46 × 101 −0.85 −0.89 −1.03 −0.93
by fragmentation. The average largest collision remnant in this
case consists of only 0.16 of the total mass. The maximum com-
pression observed for head-on collisions at an energy of about
E = N Eroll reaches only about 0.89 of the initial filling factor.
This means that the average largest fragment is decompressed.
Fluﬀy aggregates, both fractal and non fractal, show similar be-
havior. For these fluﬀy particles the boundary between decom-
paction and compression is at the energies of about E = N Eroll.
The filling factor increases further at higher energies. The max-
imum compression is reached at highest energies. The largest
fragment at this energy is about a quarter of the total mass, ex-
cept of the most fluﬀy aggregates, that are very diﬃcult to disrupt
completely.
4.6.1. Global recipe
In this section we present tables containing the global recipe.
They describe both the distribution of fragments (Tables 5–8)
and the change in the filling factor of the largest fragment, rela-
tive to the initial φσ (Table 9).
The shape of the distribution of fragment masses depends on
the number of contacts that can be broken. The higher the en-
ergy is, the stronger and steeper the power-law component is.
Therefore, the collision energy is normalized to the breaking en-
ergy Ebr. Moreover, the energy is distributed globally in the ag-
gregates (hence the name global recipe). Therefore, the energy
is also scaled with the total number of particles N (this is ap-
proximately equal to the number of contacts). The first column
in each of Tables 5–8 shows the normalized energy E/(N Ebr).
The following four columns indicate the recipe output quantity
(see Table 4) for aggregates with diﬀerent initial filling factors
φiniσ . Table 5 presents the slope q of the power-law component of
small fragments. The mass normalization can be done with the
total mass of colliding aggregates m1+m2 and the ratio Mr of the
mass in this power-law component over the Gaussian component
given in Table 6.
The Gaussian component can be reconstructed using three
quantities; the ratio of the mass in the two components Mr, the
mean mass MG, and the width σG. Table 7 provides the mean
mass, and the width is given in Table 8.
The change in porosity of aggregates depends on the number
of contacts that can roll, as the rolling is the main mechanism
responsible for the restructuring. Therefore, the energy in the
first column of Table 9 is normalized to the rolling energy Eroll.
The restructuring also aﬀects the structure of aggregates glob-
ally. Thus, the collision energy is also normalized to the total
number of monomers, which approximates the initial number of
contacts. Table 9 shows the change in the geometrical filling fac-
tor φσ relative to the initial density φσini. This new filling factor
Table 6. Mass ratio of the small fragments component (power-law) to
the largest fragment component (the Gaussian).
E/(NEbr) φiniσ
0.122 0.155 0.189 0.251
5.72 × 10−4 0.00 × 10−0 0.00 × 10−0 0.00 × 10−0 0.00 × 10−0
2.06 × 10−2 0.00 × 10−0 5.43 × 10−5 0.00 × 10−0 0.00 × 10−0
5.72 × 10−2 1.17 × 10−3 3.26 × 10−4 8.14 × 10−5 1.70 × 10−4
1.29 × 10−1 4.61 × 10−3 1.47 × 10−2 4.53 × 10−3 2.86 × 10−3
2.29 × 10−1 3.67 × 10−2 5.66 × 10−2 1.14 × 10−2 1.04 × 10−2
9.15 × 10−1 1.73 × 10−1 2.67 × 10−1 1.49 × 10−1 1.39 × 10−1
3.66 × 100 1.91 × 10−1 6.83 × 10−1 6.63 × 10−1 7.87 × 10−1
8.24 × 100 2.03 × 10−1 7.53 × 10−1 7.57 × 10−1 1.72 × 10−0
1.46 × 101 2.02 × 10−1 7.45 × 10−1 8.79 × 10−1 2.39 × 10−0
Table 7. Mean mass of the Gaussian component normalized to the total
mass.
E/(NEbr) φiniσ
0.122 0.155 0.189 0.251
5.72 × 10−4 0.671 0.756 0.749 0.883
2.06 × 10−2 0.671 0.756 0.711 0.883
5.72 × 10−2 0.671 0.736 0.711 0.883
1.29 × 10−1 0.610 0.697 0.691 0.883
2.29 × 10−1 0.575 0.620 0.671 0.829
9.15 × 10−1 0.430 0.436 0.485 0.536
3.66 × 100 0.427 0.426 0.423 0.415
8.24 × 100 0.419 0.418 0.421 0.401
1.46 × 101 0.422 0.428 0.436 0.359
Table 8. Width of the large fragments component (Gaussian) normal-
ized to the total mass.
E/(NEbr) φiniσ
0.122 0.155 0.189 0.251
5.72 × 10−4 0.124 0.170 0.118 0.098
2.06 × 10−2 0.124 0.170 0.123 0.098
5.72 × 10−2 0.158 0.175 0.123 0.117
1.29 × 10−1 0.120 0.169 0.147 0.137
2.29 × 10−1 0.141 0.164 0.170 0.169
9.15 × 10−1 0.077 0.107 0.135 0.164
3.66 × 100 0.061 0.065 0.061 0.067
8.24 × 100 0.070 0.066 0.063 0.071
1.46 × 101 0.068 0.062 0.061 0.089
represents large fragments from the Gaussian component. The
power-law component is simply described by Eq. (14).
The diﬀerence in energy scaling applied to the part of the
recipe describing the fragment distribution and to the part of
the recipe providing the compaction, respectively, accounts for
cases of diﬀerent material properties, where the ratio of the
rolling energy Eroll to the breaking energy Ebr may be diﬀerent
than for Quartz. Therefore, diﬀerent physical processes (com-
paction/decompaction and erosion/fragmentation) are selected
by diﬀerent scalings, i.e., restructuring scales with the rolling
energy, while the fragmentation scales with the breaking energy.
4.6.2. Local recipe
The local recipe describes the outcome of a collision between
a small aggregate and a large target. For high energy impacts,
erosion occurs, resulting in what is basically the large target
aggregate accompanied by a distribution of small fragments.
The energy is locally distributed over monomers of the small
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Table 9. A fractional change in the geometrical filling factor φσ/φiniσ ,
averaged over the impact parameter.
E/(NEroll ) φiniσ
0.122 0.155 0.189 0.251
8.44 × 10−4 0.867 0.818 0.837 0.796
3.04 × 10−2 0.874 0.843 0.860 0.816
8.44 × 10−2 0.877 0.867 0.878 0.822
1.90 × 10−1 0.923 0.901 0.902 0.826
3.37 × 10−1 0.942 0.944 0.943 0.838
1.35 × 100 1.067 1.053 1.005 0.888
5.40 × 100 1.082 1.206 1.144 0.937
1.21 × 101 1.088 1.322 1.274 1.032
2.16 × 101 1.109 1.368 1.395 1.223
Table 10. Mean ejected mass relative to the projectile mass. The mass
ratio of the colliding particles is 0.001.
E/(NμEbr) φiniσ
0.07 0.09 0.13 0.16
0.23 0.97 0.44 0.52 0.11
0.92 0.98 0.58 0.52 0.11
3.66 1.15 97.6 3.42 0.74
14.6 2.70 109.3 21.3 7.83
33.0 1.21 125.1 30.9 14.7
58.6 2.76 148.0 34.8 26.9
impactor and some surface grains of the target. Thus, in this
case we scale the energy with the reduced number of monomers
Nμ = N1N2/(N1+N2), which basically is the number of grains in
the small aggregate. As the erosion is determined by the number
of contacts that can be broken, we scale the collision energy to
the breaking energy Ebr.
Table 10 shows the mean mass that is ejected during a col-
lision, relative to the mass of a smaller aggregate. The first col-
umn indicates the scaled energy, and the following four columns
show the mean ejected mass for collisions of aggregates of dif-
ferent initial filling factors φσini. The mass of the cratered target
aggregate can then be immediately calculated.
The structure modification in the local recipe applies to the
large target aggregate only, as the filling factor of small frag-
ments follows a simple relation (see Eq. (14)). Bombarding large
aggregates with small projectiles results in very small relative
change in the filling factor (that of the target particle), as the fill-
ing factor quantifies the global structure of the large target aggre-
gate. In this case, the energy scaling should thus be done in re-
spect to the total number of monomers N, which is almost equal
to the number of particles in the larger aggregate. Moreover,
the restructuring mechanisms is determined by the number of
monomers that can roll. Thus the energy is scaled by the rolling
energy Eroll.
Table 11 presents the relative change in the geometrical fill-
ing factor for the target particle. The energy listed in the first
column is normalized to the rolling energy Eroll and to the total
number of monomers N.
5. Conclusions and future work
In this work we present results of the extensive parameter study
of collisions of three-dimensional aggregates. The outcome of
a collision is provided in terms of the mass distribution of
fragments as well as the structure of the produced particles.
These simulations agree with the experimental results in this
Table 11. Relative change in the filling factor φσ/φiniσ . Mass ratio of the
two colliding particle is 10−3.
E/(N Eroll) φiniσ
0.07 0.09 0.13 0.16
0.00034 1.00004 1.00001 1.00005 1.00031
0.00135 1.00002 1.00011 1.00964 1.00072
0.00539 1.00010 1.04656 1.00983 1.00051
0.02155 1.00077 1.05293 1.01031 0.99677
0.04849 1.00012 1.06677 1.01024 0.99314
0.08620 1.00082 1.06368 1.00689 0.98781
size regime and provide scaling that allows for extrapolation to
slightly larger sizes as well as diﬀerent material properties of
monomers (i.e., composition and size of individual grains).
Our simulations indicate new important mechanisms that
influence both the structure and the mass distribution of
aggregates:
– The restructuring of aggregates depends mainly on the col-
lision energy. The compaction is reserved for head-on im-
pacts, while oﬀset collisions produce elongated and decom-
pacted particles.
– In the case of erosion and shattering, the structure of small
fragments can be written in a very simple form (see Eq. (14)),
regardless of the initial compactness of colliding aggregates
or the impact energy.
– The mass distribution of particles produced in a collision
consists of two individual components. The power-law dis-
tribution of small fragments is accompanied by a strongly
pronounced component of large fragments.
– The shape of the mass distribution for the collision outcome
averaged over the impact parameter is generally independent
of the impact energy for slow collisions. At high energies,
however, the shape of the distribution is almost independent
of the structure of the colliding particles.
These points are combined together in a form of the recipe that
provides the quantitative outcome of a collision. This recipe is
formulated in a simple way that can be easily applied to mod-
els of dust coagulation in various environments (e.g., molecular
clouds or protoplanetary disks). In fact, this recipe has already
been applied to study growth of small dust aggregates in molec-
ular clouds (Ormel et al. 2009).
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